The prediction of the pressure response and phase transition in the event of an accidental carbon dioxide (CO2) release from a ruptured pipeline is of significant importance for understanding the depressurization behaviour and hence the fracture behaviour. This article presented a small-scale experimental investigation on the pressure response and phase transition of supercritical CO2 release from a pressurized pipeline with a relief orifice. High-frequency transducers and thermocouples were used to measure the evolution of CO2 pressures and temperatures at different locations after release. The results indicated that pressures at different locations decreased nearly synchronously after release. No vapour bubble and pressure rebound generated in larger-scale release experiments were found in our small-scale release experiments.
Introduction
One of the most difficult global environmental problems which human beings are now facing is the increasing atmospheric greenhouse gases and the resulting global warming [1] . CO2 emitted from fossil fuel combustion is a major contributor to the greenhouse effect. This situation will not be changed in the coming decades due to the actual energy situation of the global energy structure [2] . Carbon capture and storage (CCS) technology intends to capture the released CO2 at the emission sources, and transport the captured CO2 to storage locations to mitigate the amount of CO2 released into the atmosphere [3] [4] [5] .
The scale and safety requirements of CCS application determine that pipeline transportation is the primary means of CO2 transportation, due to its high efficiency and good economy [6, 7] . It is reported that a great deal of pipelines will need to be constructed in more densely populated areas, where multiple anthropogenic sources exist [8] . Pipelines usually suffer from failure risks, either puncture or full-bore rupture, caused by mechanical damage, corrosion, material defects, or operational error [9, 10] . After failure, CO2 is released suddenly from the pipeline, causing property loss and casualties owing to asphyxia.
CO2 released from pressurized pipelines is more complicated to deal with than other substances, because the CO2 release process may include a combination of gaseous, liquid, and solid state CO2 [11, 12] . During the CO2 depressurization process after accidental release from an initially liquid or supercritical state to ambient conditions, the pressure and temperature drop significantly owing to the expansion and subsequent high Joule-Thomson cooling effect, which causes the complex phase transition of CO2 [13] . There have been several large research projects focusing on CO2 release behaviour, including COOLTRANS [14] , CO2PipeTrans [15] , CO2PipeHaz [8] ,
CO2QUEST [16] , COSHER [17] , and so on. This research is very helpful for understanding the safety issues related to CO2 transportation.
Numerous publications have examined the release behaviour of CO2 based on both experimental studies and numerical research. We have given a detailed introduction in our recently published works [18] [19] [20] [21] [22] and will therefore not repeat it in this article. Despite numerous studies nowadays, there is not yet a clear understanding of the pressure response and phase transition of the supercritical CO2 depressurization process after accidental release from a pressurized pipeline. We performed an experimental study on the pressure response and phase transition of supercritical CO2 during sudden release to improve the understanding of this process using a large-scale pipeline with a length of 258 m and an inner diameter of 233 mm from the CO2QUEST project, and found that the complex phenomena of pressure undershoot, rebound or slowdown occurred near the critical region [19, 20] . Moreover, we discussed the phase transitions of CO2 in the pipeline at different diameters of relief orifices during the release process [21, 22] .
Medium-scale CO2 release experiments were also performed to focus on the phases in the releases when supercritical and saturation CO2 were released from a 5 m pipe connected to a 2 m 3 spherical vessel. Five stages with different depressurization rates and phase states were analyzed [23, 24] . However, these studies are far from sufficient.
With regard to the aforementioned problems, a study was proposed to focus on the pressure response and phase transition of supercritical CO2 released from a small-scale pressurized pipeline. High-frequency transducers were used to record the evolutions of fluid pressures during release. Thermocouples were placed to measure the temperatures of fluid.
Experiments

Experimental set-up
To investigate the pressure response and phase transition of supercritical CO2 from a pipeline, a small-scale experimental facility was established [18] . The schematic diagram and photograph are shown in Figure 1 . It consisted of a CO2 insulated Dewar vessel, a 10 L buffer tank, a main pipe, a relief pipe, and a pneumatic valve driven by compressed air from a gas cylinder.
CO2 from the Dewar vessel was conditioned into the 10 L buffer tank, which was coated by a heat band which kept the CO2 inside the buffer tank at the desired temperature, and glass wool insulation which kept the whole leakage process inside the buffer tank under a near-adiabatic condition.
A main pipe with an internal diameter of 25 mm and a length of 5 m was connected to the bottom of the buffer tank by an elbow. The other end of the main pipe was connected to a pneumatic valve. Several relief pipes with internal diameters of 25 mm and lengths of 1 m were machined before the experiments. These pipes were all closed at one end and each had a circular hole in the middle to simulate the leakage nozzle. When doing experiments, a selected relief pipe with the desired circular hole diameter was assembled to the pneumatic valve. Both the main pipe and relief pipe were coated by a heat band and glass wool insulation. The circular hole diameters in this study were 2 mm, 4 mm and 6 mm.
The pneumatic ball valve was DQ641Y type used in low temperature conditions. It could be used with the pressure less than 10 MPa and the temperature larger than -100 °C. Its duration time during value opening was about 0.1s~1s, depending on the actuating pressure.
Three pressure transducers labelled P1, P2, and P3 and three armoured K-type thermocouples labelled T1, T2, T3 were mounted at different locations along the main pipe to record the pressures and temperatures of CO2 inside the main pipe, as shown in Figure 2 . The accuracy and frequency of the pressure transducers were ±0.25% and 100 kHz. The response time and uncertainty of the thermocouples are 1 s and ± 1 °C. All sensors were calibrated before use. The data acquisition system was accomplished by the NI acquisition module and LabVIEW software [18] [19] [20] [21] [22] .
Experiment procedure
The following steps are involved in each test: (1) Assembling the relief pipe with the desired hole diameter; (2) Examining the integrity of the whole pipeline set-up; (3) Debugging the testing instruments and data acquisition system; (4) Opening the atmospheric exhaust valve of the buffer tank, filling gas phase CO2 from the Dewar vessel to the buffer tank for about 30 s, and then closing the exhaust valve and ending the filling process (keeping a pressure of 0.5 MPa in the buffer tank); (5) Filling liquid phase CO2 from the Dewar vessel to the buffer tank. During this step, the evacuation of gas CO2 in the buffer tank and the filling of liquid CO2 to the buffer tank might be performed alternately. Experience was needed to judge the proper amount of CO2 filled; (6) After the filling process, opening the heating system to make the pressure and temperature of CO2 in the buffer tank meet the required experimental conditions. Evacuation might be needed in this step; (7) Opening the data acquisition system, setting up the image device; and activating the pneumatic valve; (8) Clearing up the experimental field.
Special attention was needed to safety issues during each step. Each test was repeated several times (usually three) to ensure repeatable results within the permitted error range. All measurements were carried out under similar ambient temperature (about 15 °C) and humidity (about 60%). The initial pressure of 9 MPa and the initial temperature of 40 °C were selected in every experiment. Three relief diameters of the leakage nozzle were chosen: 2 mm, 4 mm, and 6 mm. In every subgraph, the release began at time t1 when the pneumatic valve was activated. The pressures inside the main pipe underwent a sharp drop due to the expansion and release of supercritical CO2 after the pneumatic valve was opened. The precipitous declines of pressure were slowed at time t2. Apparently stable and gentle pressure drops appeared after t2. After a period of time, the depressurization rate changes again at time t3.
Results and discussions
Pressure and temperature evolutions in main pipe
Based on the variation trend of the depressurization rate, three stages could be distinguished during every release process. The first stage was from time t1 to time t2. The durations were about 5.5717 s for 2 mm release diameter, 1.0365 s for 4 mm release diameter, and 0.752 s for 6 mm release diameter. The second stage was from time t2 to time t3. The durations were about 63.1628 s for 2 mm release diameter, 19.6248 s for 4 mm relief diameter, and 9.3560 s for 6 mm relief diameter. The third stage was from t3 to the end time of the release.
The different stages with various depressurization rates were attributed to the phase states of CO2 inside the main pipe, which will be discussed in detail in the next section.
Moreover, the pressure curves were nearly synchronous at the testing locations P1, P2, and P3 in each experiment. Though the pressure of P3 was slightly greater than that of P2, which was slightly greater than that of P1, the pressure gradient from P3 to P1 was small. The synchronous changes of fluid pressures at different locations were similar to those tested in large-scale experimental pipelines with a length of 258 m and an inner diameter of 233 mm. However, no vapour bubbles and pressure rebound [19, 20] were found in the small-scale experiments. Also, the propagation of decompression waves recorded in the large-scale experiments was harder to estimate in this study, probably because the experimental pipeline was too short. Temperatures decreased just after the pneumatic valve was activated, due to the Joule-Thomson effect of the expansion process. Locations near the release orifice showed lower temperatures during the temperature decreasing process. But in these experiments, the temperature gradients
were not very large. The largest temperature drops reached at location T1 were about 38 °C for 2 mm relief diameter, 52 °C for 4 mm relief diameter, and 58 °C for 6 mm relief diameter. Larger relief diameters brought bigger temperature drops.
Phase transformation during release
Combining the tested pressure data with the temperature data at different times, we obtained the phase changes of CO2 during the release process, as shown in Figure 5 . After the pneumatic valve acted, the inventory properties inside the experimental main pipes (P1, T1; P2, T2; P3, T3) passed through the supercritical region and into the gaseous region of the phase diagram, due to the rapid pressure drop. Apparently, the supercritical state CO2 was unlikely to change to dense phase state because the pressure drop was more dominant than the temperature drop.
Then the curves of all the measuring points tend to be close to the saturation line, which suggested that the unstable gaseous CO2 quickly transformed into the gas-liquid phase. For a large part of the release, the measured pressures and temperatures of all locations followed approximately the saturation line. After a period of time along the saturation line, the pressuretemperature developments of all the testing points along the pipeline deviated from the saturation line, indicating that the gas-liquid phase CO2 transformed into gaseous CO2. The phase transition process was similar to those obtained in the large-scale experimental pipeline with a small release orifice [19] and medium-scale CO2 releases with full bore rupture conditions [23] .
The reason for the different depressurization rates in the different stages represented in Figure 3 can be explained as below. As shown in Figure 5 , during the first stage from t1 to t2, the pressure drop was caused by the supercritical CO2 release with a large depressurization rate.
Then, during the second stage from t2 to t3, the supercritical CO2 changed into gas-liquid phase CO2, which slowed the depressurization rate of CO2, due to the smaller density and larger compressibility of gas-liquid phase CO2 than supercritical CO2. Finally, during the third stage from t3 to the release end, the pressure drop was attributed to the gas phase CO2 release, during which the depressurization rate was different compared to the process of gas-liquid phase CO2
release. In Figure 5 , the valve acting time t1, the first phase transformation time t2, and the second phase transformation time t3 were plotted. The corresponding pressures of t1, t2, and t3 in Figure 5 were similar to those of t1, t2, and t3 in Figure 3 , demonstrating that the changes of the depressurization rate were related to the phase transformation.
Jet plume outside the relief orifice
High pressure CO2 decompresses rapidly outside the leakage orifice, and experiences an expansion process, leading to a typical under-expanded plume in the dispersion process, which can be seen clearly as a white plume [25] . Figure 6 and Figure 7 show the appearance of jet dispersion at different times after release in the experiment with the relief diameters of 2 mm ( Figure 7 ) and 4 mm (Figure 7 ). Due to the violent temperature drop caused by the J-T effect during the release process, the extremely low temperature (usually lower than -78 °C for supercritical CO2 release) led to a phase change of CO2 from other phase states to solid phase. As shown in Figure 6 and Figure 7 , a compact core area inside the jet plume near the release orifice was formed, where a large fraction of solid CO2 particles was generated. At 0 s after release 
Discussions
Recently we performed both larger-scale and small-scale supercritical CO2 release experiments to study the pressure response and phase transition of CO2 inside the experimental pipe [19] [20] [21] [22] . Also, the results of medium-scale supercritical CO2 release experiments can be found in the literature [23, 24] . There were both similarities and differences among the different scale release experiments.
First, the pressure responses during pipeline depressurization were different. The pressure undershoot, rebound or slowdown which occurred near the critical region in the large-scale experiments of supercritical CO2 release [19, 20] were not found in the medium-scale [23] and small-scale supercritical CO2 release experiments. There may be a variety of possibilities for this difference, but the following two were the most likely reasons.
(1) In larger-scale CO2 release experiments, the initiation of release was controlled by two blasting discs [19] [20] [21] [22] , which could be fully open in several millisecond. However, in small-scale CO2 release experiments, the initiation of release was activated by a pneumatic ball valve, which had a much lower opening speed (nearly one second for fully opening). The faster the release orifice opened, the more severe the depressurization wave propagated and rebounded. Hence the pressure undershoot, rebound or slowdown would occur more easily in larger-scale experiments.
(2) In large-scale CO2 release experiments, the pipe internal diameter of 243 mm was large enough that temperature gradient existed on the same cross section at the release onset [19] [20] .
However, in small-scale CO2 release experiments, the internal diameter of the vent pipes was only 25 mm, and was too small to have temperature gradient on the same cross section. Hence the intense heat and mass transfers and the resulting pressure undershoot and rebound phenomenon occurred in the large-scale release experiments at the release onset were not seen in the small-scale experiments.
Second, the phase transitions of supercritical CO2 during pipeline depressurization were similar [19, 23] . The initial supercritical CO2 transformed into gaseous CO2 (normally this stage was transient and unstable), followed immediately by the transformation of CO2 into gas-liquid phase.
After a period of time, the pressures and temperatures successively deviated from the saturation line and the gas-liquid CO2 transformed into gas phase.
Conclusions
This article has presented the results of a small-scale experimental investigation on the pressure response and phase transition of supercritical CO2 release from a pressurized pipeline with a relief orifice. Some conclusions are demonstrated as follows:
(1) The pressure undershoot, rebound or slowdown which occurred near the critical region in the large-scale experiments of supercritical CO2 release were not found in the small-scale supercritical CO2 depressurization process.
(2) Locations near the release orifice reached lower temperatures during the temperature decreasing process. Larger relief diameters brought bigger temperature drops.
(3) Phase transitions occurred during the supercritical CO2 release process. The supercritical CO2 firstly turned into an unstable gas with a very great depressurization rate, then changed into the gas-liquid phase, and finally changed into gaseous CO2.
(4) The larger the relief diameter was, the longer the gas-liquid phase lasted during the CO2 release process. 
